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NOVEL HYPERTHERMOSTABLE a-AMYLASE 

TECHNICAL FIELD 

This invention is within the field of thermostable a- 
amylases. More specifically, the present invention relates to 
5 novel hyperthermostable a-amylases, a process for the prepara- 
tion of such enzymes and the use of these a-amylases in an 
industrial starch liquefaction processes. 

BACKGROUND ART 

The use of a-amylases for enzymatic conversion of 
10 starch into sugars, e.g. for the production of fuel alcohol or 
High Fructose Syrup (HFS) , is widely practised. Among in- 
dustrial starch liquefaction processes jet-cooking is the 
almost globally preferred mode of starch liquefaction, but for 
the performance of this process thermostable a-amylases are 
15 required. 

HFS is manufactured from high DX syrups, the term DX 
meaning percentage by weight of dextrose (D-glucose) calculated 
on the basis of dry substance (DS) of syrup. The overall 
enzymatic liquefaction process generally adopted for conversion 

2 0 of starch into high DX syrup is a two-stage process. The first 
step is the liquefaction, i.e. the hydrolysis of starch into a 
mixture of oligosaccharides, the so-called maltodextrins . This 
process is catalyzed by a-amylases, and in a typical jet- 
cooking process the starch slurry is heated for at least 

25 several minutes to 105-110 "C, usually with a single dose of ct- 
amylase, and then held at about 90 •C for at least 1 hour. In 
the primary stage of the overall liquefaction, gelatinization 
and mechanical thinning of the starch slurry are effected. 
Further degradation (dextrinization) occurs in the secondary 

30 stage of the process. With respect to the jet-cooking process, 
reference is made to U.S. Patent No. 3,912,59 0. 

Hitherto mostly preferred thermostable a-amylases for 
industrial liquefaction processes are of bacterial origin and 
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from the genus Bacillus , Thus a well adapted a-ainylase for use 
in the jet-cooking process is TERMAMYL® from Bacillus licheni- 
f ormis , supplied by NOVO NORDISK A/S, Denmark, a-amylases from 
Bacillus stearothermophilus are disclosed in U.S. patents Nos. 
5 2,695,683 and 4,284,722. A Bacillus stearothermophilus a- 
amylase (THERMO LAS E^**) is available from Enzyme Development 
Corporation, NY, USA. 

Due to the properties of the Q-amylases hitherto 
available, the liquefaction process is typically performed at 

10 pH about 6.0-6.5. At pH below 6 the amylolytic activity rapidly 
decreases, and at pH above 6.5 the formation of unwanted 
byproducts such as maltulose or maltulose "precursors" become 
troublesome. Bacillus lichenif ormis a-amylase, for instance, 
is rapidly inactivated at pH values below 6.0. Moreover it 

15 requires at least 50 ppm calcium for stabilisation when used 
for industrial starch liquefaction, and it is completely 
inactivated at 12 0*0. The Bacillus stearothermophilus a- 
amylase has certain advantages over the Bacillus lichenif ormis 
enzyme, notably a lower pH optimum. However these enzymes are 

20 not fit for starch liquefaction at pH values below 5. 

The subsequent saccharif ication step, in which the 
maltodextrins are converted into dextrose, is mostly catalyzed 
by a glucoamylase enzyme. Commercial glucoamylase preparations, 
usually derived from Aspergillus or Rhizopus species, are 

25 available from various manufacturers, e.g. as AMG^" 200 L, a 
product obtained from Aspergillus niger and manufactured by 
NOVO NORDISK A/S, Denmark. These glucoamylase enzymes operate 
optimally at pH 4.0-4.5. 

Now hyperthermophilic archaebacteria have been 

30 isolated from solfataric and submarine hydrothermal systems 
(Fiala, G. & Stetter, K.O*; Arch. Microbiol., 145 . 56-61 (1986) 
and Kelly, R.M. & Deming, J.W., Biotech. Progress, 4., 47-62 
(1988) . The most extreme thermophilic bacteria known so far 
belong to the genera Pvrococcus . Pvrodictium and Pvrobaculum . 

35 It has been presumed that members of Pvrococcus contain heat 
stable proteases and amylases (Stetter, K.O., J. Chem. Te- 
chnol. Biotechnol., 42(4); 315-317 (1988)). Growth conditions 
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for Pyrococcus woesei have been examined (Zillig et al.; Syst. 
Appl. Microbiol., 9, 62-70 (1987)). However, amylases from 
Pyrococcus have never been isolated or investigated. 

In order to eliminate the need for intermediate pH 
5 adjustment the art has long sought for thermostable starch 
liquefaction enzymes capable of liquefying at pH as low as 4.0. 
Moreover it is preferred to avoid addition of calcium salts in 
order to reduce purification costs. Therefor it is an object of 
the present invention to obviate the shortcomings of the a- 
10 amylases known heretofore by furnishing a novel hyperther- 
mostable a-amylase that has a low pH optimum, and that is 
essentially independent of calcium ions. 

BRIEF DISCLOSURE OF THE INVENTION 

It has now according to the present invention been 
15 found that strains of P yrococcus produces ct-amylases which, in 
addition to an extraordinary thermostability, exhibit pH optima 
at favourably low pH values and are essentially independent of 
calcium ions. 

According to its first aspect, the present invention 
20 provides an a-amylase having pH optimum within the range 4 . 0 to 
6.0, determined at 90**C in presence of stabilizing amounts of 
substrate, temperature optimum within the range 8 0 to 120 'C, 
determined at pH 5.5 in presence of stabilizing amounts of 
substrate, being essentially independent of Calcium ions, and 
25 having a residual activity after 1 hour at 90 "C of 100%, and 
after 1 hour at 100 of at least 80%, determined in presence 
of stabilizing amounts of substrate. In another variant of this 
aspect, the invention provides an a-amylase having pH optimum 
within the range 5.2-5.8, determined at 90 °C in absence of 
3 0 substrate , temperature optimum within the range 9 0- 105 " C , 
determined at pH 5.5 in absence of substrate, being independent 
of Ca-ions, and having a residual activity after 1 hour at 
110 ''C of approximately 70%, determined in presence of 
stabilizing amounts of substrate. 
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The a-amylase according to the invention is 
obtainable by cultivation of a strain of Pvrococcus - Preferred 
strains are P> woesei and P. furiosus ^ particularly P, voesei ^ 
DSM No. 3773, and P. f uriosus ^ DSM No. 3638. 
5 In a second aspect, the invention provides a process 

for the preparation of these a-amylases, comprising cultivation 
of an a-amylase producing strain of Pvrococcus in a suitable 
nutrient medium containing carbon and nitrogen sources and 
inorganic salts, followed by recovery of the desired enzyme. In 

10 a preferred embodiments of this process a strain of P, voesei 
or P. furiosus is cultivated, particularly P. woesei , DSM No. 
3773, or P. furiosus - DSM No. 3638. 

In a third aspect, the invention provides a starch 
liquefaction process, which comprises subjecting an aqueous 

15 starch slurry to enzymatic liquefaction, in the presence of an 
a-amylase according to the invention. In a preferred embodiment 
of this process, the starch liquefaction is carried out 
essentially without addition of a calcium salt to the starch 
slurry. In a further preferred embodiment, the process is 

2 0 conducted by jet-cooking at a temperature in the range 100- 

140 "C for up to 12 0 minutes, optionally followed by reduction 
of the temperature to be held in the range 90-100*0 for about 
30 to 120 minutes, after which the thus liquefied starch is 
stable against retrogradation, the pH being held at about 4.0 

25 to 5.5 throughout the process. In another preferred embodiment 
of the present invention, the liquified starch is thereafter 
subjected to enzymatic saccharif ication in the presence of 
glucoamylase, substantially without an intermediate pH 
adjustment. In yet another preferred embodiment of this 

30 invention, the liquefied starch is further subjected to ethanol 
fermentation with yeast simultaneously with or subsequent to 
saccharif ication. 

DETAILED DISCLOSURE OF THE INVENTION 

Growth experiments with Pvrococcus have now shown 

3 5 that members of this genus secrete a most thermostable and 
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thencioactive starch hydrolysing enzyme ever described. These 
starch degrading enzymes are capable of hydrolysing at random 
the a-1, 4-glycosidic linkage in various glucose polymers such 
as e.g. amylopectin, glycogen, maltodextrin and amy lose. From 
5 the pattern of polysaccharide hydrolysis these enzymes are 
identified as a-amylases. 

At present two species of Pvrococcus are known, P. 
woesei and P. furiosus > The a-amylases produced by these 
organisms apparently possess similar properties, although they 

10 might be slightly different in structure. A strain of P. woesei 
is available from DSM, with No. 3773. A strain of P, furiosus 
is available from DSM, with No. 3638. 

The enzymes of the invention are stabilized by their 
substrate, i.e. the presence of polysaccharides such as e.g. 

15 starch, glycogen, branched or linear glucosepolymers, amylose, 
amylopectin, maltodextrin, or mixtures hereof, and they are 
stable in absence of metal ions. The stabilizing effect of the 
substrate occurs at polysaccharide concentrations of 
approximately 0.5% or more (by weight). Minor polysaccharide 

2 0 concentrations do not bring about stabilization. 

The enzymes of the invention display temperature 
optimum at 80 to 120 *C and are active from 40*C to 140''C, 
especially between 60 and 120 *'C, more particularly between 80 
and 110 "C, and most particularly between 90 and 105 ''C. This 
25 broad temperature range of 100 degrees is amazing. The enzymes 
are catalytically active within pH 3.5 to 8.0. Around 60% of 
activity is measured at pH 3.5 and 7.0. The pH optimum for the 
enzymatic activity is within pH 4.0 to 6.0, more particularly 
between pH 4.0 to 5.5 when determined in a medium containing 

3 0 stabilizing amounts of polysaccharides, and within pH 5.2 to 

5.8 when determined in absence of stabilizing amounts of 
polysaccharides . 

The extraordinary properties of the enzymes of the 
invention were demonstrated by detection of enzymatic activity 
35 even after autoclaving for 6 hours at 120 *'C at a pressure of 3 
bar. Almost 20% of a-amylase activity was detected even at 
120' C. After 60 minutes a residual activity of 100% at 90*0, at 
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least 80% at lOO^C, approximately 70% at llO^C, and at least 
60% at 120 *C is measured. For the complete inactivation of the 
a-amylase at least 12 hours of autoclaving at 120 "C at pressure 
of 3 bars was necessary. It is also remarkable, that the enzyme 
5 is catalytically active after boiling in the presence of deter- 
gents such as 2% SDS. 

Further in vitro studies have shown that metal ions 
or other intracellular factors are not needed for the catalytic 
activity of the purified enzyme. The addition of l to 5 mM of 
10 heavy metals such as Cr^*, Cu^* or Zn^* caused enzyme inhibition. 
This inhibition could be elevated by the addition of 5 mM of 
EDTA. 

The unique properties of the a-amylases according to 
the present invention allow their utilization in existing 

15 commercial processes and novel applications. The unique 
thermostability and the ability to convert native starch as 
well as soluble starch, in the absence of metal ions, at pH 
values below 5 and at temperatures above 100 "C, to a mixture of 
saccharides, makes these enzymes ideally suited for industrial 

2 0 starch liquefaction, e.g. for the production of fuel alcohol or 
High Fructose Syrup (HFS) . The use of these enzymes in starch 
liquefaction processes, is thus accomplished by extraordinary 
process-technical advantages. It is not necessary to readjust 
the pH-level between the two steps liquefaction and 

25 saccharif ication. The formation of unwanted by-products is 
avoided. It is not necessary to add calcium in order to 
stabilize the enzyme, and accordingly operating costs for ion 
exchange purification can be reduced significantly. Due to a 
higher temperature, the reaction proceeds faster. 

30 Preparation of g-amvlase 

ct-amylases according to the invention can be prepared 
by cultivating a strain of Pvrococcus in a suitable growth 
medium and thus harvesting the produced enzyme. 

Pvrococcus exhibits growth maximum at 80 to 106 "C, 
35 with the upper temperature limit around 110 *C, and at pH values 
between 4.5 and 7.5. The enzyme synthesis of the organism 
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occurs any time during growth and starts already in the early 
logarithmic phase and reaches its optimum during the stationary 
phase. From a large number of protein bands detected, using 
polyacrylamide gradient gel electrophoresis, only one major 
5 band displays amylolytic activity. The molecule weight of this 
enzyme is approximately 70 KDa. 

As earlier mentioned, growth conditions for P. woesei 
have been examined, and a method for cultivation is described 
(Zillig et al., supra). In order to obtain a fermentation 

10 method with better industrial applications, a process for the 
preparation of an a-amylase according to the invention has been 
developed that accomplish continuous gassing of the nutrient 
medium. It was found that continuous gassing of the nutrient 
medium stimulates the enzyme production. It appears that the 

15 extracellular enzyme level increases about two fold. By conti- 
nuous gassing with a H^/CO^-atmosphere and with saccharides such 
as e.g. starch, amy lose, amylopectin, glycogen, branched or 
linear oligosaccharides and maltodextrin, or mixtures thereof 
as a carbon source, elementary sulphur as an electron acceptor 

20 and 3% NaCl, 220 U/1 a-amylase are secreted into the medium. 
Under non-continuous gassing only 120 U/1 a-amylase can be 
detected under the same conditions. 

In addition a more defined nutrient medium for the 
growth of Pvrococcus has been developed. Unlike other media 

25 described, this medium is not turbid, and it does not contain 
elementary sulphur. Good growth and enzyme production in this 
medium can be obtained by continuous gassing with N2/CO2. With 
this nutrient medium the enzyme production is further elevated 
up to 5 folds from about 200 U/1 to above 1,000 U/1 of the 

30 extracellular enzyme. The composition of this medium appears 
from example 2. Interestingly, we could also show that if 
cultures were only gassed with nitrogen, growth and enzyme 
production were lowered. Since this medium is not turbid, 
growth can now easily be monitored by measuring the optical 

35 density. The organism also secretes a comparable amount of 
enzyme • The above mentioned media (with and without sulphur) 
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are used for the production of amylase in small as well as in 
large amounts. 

The a-amylases according to the present invention may 
also be prepared by recombinant DNA-technology . 

5 Isolation of a-amvlases 

The isolation of a-amylases according to the 
invention can be accomplished by conventional means. The enzyme 
can easily be recovered from the cell-free supernatant. They 
adsorb to native and soluble starches which allow the 
10 purification of these enzymes on a large scale. However, 
stabilization of the oc-amylase with 0.5% maltodextrin is 
required. They can be precipitated from the supernatant by cold 
or addition of organic solvents such as ethanol, which does not 
reduce the activity of the enzyme. 

15 Starch liquefaction process 

The liquefaction process of the invention may be used 
for enzymatic conversion of starch into sugars, e.g. for the 
production of fuel alcohol or High Fructose Syrup (HFS) . 
Suitable liquefaction conditions are up to 12 0 minutes at 100 

20 to 140 *C, more preferred 1 to 60 minutes at 100 to 120 **C, most 
preferred 1 to 3 0 minutes at 105 to 110 "C, optionally followed 
by reduction of the temperature to be held in the range of 90 
to 100 °C for about 30 to 120 minutes. It is preferred not to 
add calcium salts to the aqueous starch slurry. The pH should 

2 5 be held within 3.5 to 6.0, more preferred 4.0 to 5.5, most 
preferred 4.2 to 4.8. A continuous process is preferred, and 
the heating is most preferably by jet-cooking. The a-amylase of 
the invention liquefies starch well at dosage levels of 5-500 
NU (see below for the definition af NU) , preferably 10-50 NU, 

30 per gram starch DS (dry substance) . The starch concentration 
will usually be in the range 15-45% DS (w/w% dry substance) , 
most often 25-35% DS . 

The liquefied starch may hereafter be subjected to 
enzymatic saccharif ication in the presence of a glucoamylase, 

35 substantially without an intermediate pH adjustment. In this 
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case the starch is liquefied with a-amylase of this invention 
at pH 3.5-6.0, more preferred at pH 4,0-4.5, most preferred pH 
4.2-4.8. The liquefied starch may also be subjected to 
subsequent enzymatic saccharif ication in the presence of a 
5 glucoamylase in combination with a debranching enzyme such as 
pullulanase (see EP 63.909 for details) and/or an acid stable 
a-amylase from for example A. niaer (see EP 14 0.410 for 
details) . 

The liquefaction process of the invention may also be 
10 used for producing ethanol. In this case the starch is 
liquefied with a-amylase at a pH of 3.5-6.0, more preferred 
4.0-5.5, followed by saccharif ication with glucoamylase and 
simultaneous or subsequent fermentation with yeast. Thereafter 
the alcohol may be recovered by methods known in the art. Pre- 
15 ferably the whole process is carried out at pH around 4.5 
without any inteirmediate pH adjustment, and simultaneous 
saccharif ication and fermentation is performed at 3 0-35*C for 
up to 96 hours. The liquefaction can be conducted either at 
low DS levels (15-20%) or high DS levels (20-40%) . In the high 

2 0 DS processes, the DS level must be reduced to about 2 0% prior 

to fermentation to obtain about 10% alcohol by volume, which is 
about maximum that most yeast can tolerate. 

The raw material for alcohol production may include 
refined starch such as wet milled corn starch; raw, unprocessed 
2 5 materials such as corn , wheat , rice , sorghum , cassawa and 
potato (whose starch content range from 15 to 80%) ; and other 
starch containing materials such as waste and by-products from 
industry. 

BRIEF DESCRIPTION OF DRAWINGS 

3 0 Fig. 1: Cultivation of P. woesei in a continuously gassed 

batch culture on starch at 98*0. (• amylase activity; 
A residual starch; m pH; O optical density at 578 
nm) . 
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The influence of temperature and pH on the activity 
of a-amylase from P. woesei . 

Thermal stability of a-amylase from P. voesei (o 70- 
90*'C;# lOC'C; ■ llO^C; O 120*C; a 130*C). 

(A) Secretion of a-amylase by P. furiosus during 
growth on starch at (B) Growth under continuous 

gassing. 

The influence of temperature and pH on the activity 
of a-amylase from P. furiosus . 

Thermal stability of a-amylase from P. furiosus . 

The influence of temperature and pH on the activity 
of unstabilized a-amylase from P. woesei ^ determined 
in absence of substrate. 

The following examples further illustrates the 
15 present invention. 

EXAMPLE 1 

g-amvlase obtained from P. woesei 

Cultivation of P. woesei (compare figure 1) 

Pvrococcus woesei was cultivated in a medium as 

20 described by Zillig et al. (supra) at 98 *C. 20 1 cultures were 
continuously gassed with Hj/COj 80:20 and 50 ml samples were 
withdrawn after various time intervals. Amylase activity was 
determined in the cell-free supernatant according to Bergmeyer 
and Grassi, Methods of enzymatic analysis, 3rd ed. , Vol. 2, 

25 151-152; Verlag Chemie, Weinheim (1983). To 250 /il of sodium 
acetate buffer (50 mM pH 5.5) containing 1% (w/v) starch, up to 
100 fjLl of enzyme solution was added and incubation was 
conducted at 95 *C for 30 and 60 min. The activity of 1 U of a- 



Fig. 2: 



Fig. 3: 



5 Fig. 4: 



Fig. 5: 



10 Fig. 6: 
Fig. 7: 



wo 90/1 1352 



11 



PCT/DK90/00074 



amylase is defined as that amount of enzyme which liberates 1 
^mol of reducing sugar per min with maltose as a standard. 
Residual starch concentration was estimated employing HPLC as 
described in Table 1. 

5 Table 1 : Sugars released (%) by the enzymic action of a- 
amylase from Pyrococcus woesei on starch. 
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Methods: Per ml of sodium acetate buffer (50 mM, pH 5.5) 0.5 
U of enzyme was added. The final starch concentration was 1% 
(w/v) . Incubation was conducted at 90 *C and samples were 

20 withdrawn after various time intervals. Ech sample was then 
purified with ion-exchange resin (Serdolyt MB, Serva, 
Heidelberg, FRG) and the sugars then analyzed by HPLC, using an 
Aminex HPX-42 A column (Bio-Rad, Richmond, California, USA) . 
Sugars eluted were monitored by a differential ref ractometer 

25 (Knauer, Bad Homburg, FRG) . DP, Degree of polymerization; DP 1, 
glucose. 

Protein separation 

The separation of the extracellular proteins (20 /xg, 
0.2, U) was performed in 1.5 mm thick polyacrylamide gradient 
30 gels (5 to 30%, w/v) at a constant voltage of 400 v for 24 h at 
4'C. For the detection of protein band exhibiting amylase 
activity the gel was soaked in 50 mM acetate buffer, pH 5.5 
containing 1% starch for 1 h at 4**C. The gel was further 
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incubated at 90 *C for 30 min. and finally incubated in a 
solution containing 0*15% (w/v) iodine and 1*5% (w/v) potassium 
iodide until clear zone became visible. The proteins in the 
same gel were silver stained according to Heukeshoven and 
5 Dernick, Electrophoresis 6, 103-112. Standard proteins (10 /xg 
of each) with known molecular mass were also separated. The 
molecule weight of the protein, that show amylolytic activity, 
is approximately 7 0 KDa. 

pH and temperature optimum (compare figure 2) 

10 Determination of temperature optimum was perf oraed with 

enzyme which was partially purified by gelf iltration on a 
Superose 12 column and stabilized with 0.5% maltodextrin. 
Incubation was performed in a water bath (40'*C-100**C) and in a 
glycerin bath (105 °C-130 ° C) , at pH 5.5. Incubation at tempera- 

15 tures above 100 'C was conducted in closed Hungate-tubes in 
order to prevent boiling of the solution. To 250 fil of a sodium 
acetate buffer (50 mM, pH 5.5), containing 0.5% (w/v) starch, 
20 /il of enzyme solution (1600 U/1) was added and incubation 
was performed for 10 minutes. The reducing sugars formed were 

2 0 then measured as described by Bergmeyer and Grassi (supra) . For 
the determination of the pH optimum of the enzyme the following 
buffers were used: 50 mM sodium citrate (for pH 3.5-4.0) , 50 mM 
sodium acetate (for pH 4.5-6.0) and 50 mM potassium phosphate 
(for pH 6.5-8.0) . The pH determination was conducted at 90 "C, 

25 The tested enzyme is active in a broad temperature 

range from 40 to 130 'C and a pH range 3.5 to 8.0. Maximal 
activity is detected at pH 5 and 100 

Thermal stabilitv (compare figure 3) 

The sample containing the enzyme was incubated in water 
30 (70-90'C and glycerin bath (100-130''C). After various time 
intervals samples were withdrawn and the a-amylase activity was 
determined according to Bergmeyer and Grassi (supra) . To 200 
^il sodium acetate buffer (50 mM, pH 5.5) containing 1% (w/v) 
starch, up to 50 /ul of enzyme solution was added and in- 
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cubation was conducted for 3 0 and 60 inin. at 95''C. (a 7 0-90 *C; 
^ 100*C; n 110*C; O 120''C; a 130*C). 

The influence of metal cations and EDTA 

The influence of metal cations and EDTA on the activity 
5 of a-amylase from P. woesei was performed with enzyme which was 
partially purified by gelf iltration on a Superose 12 column 
(Pharmacia, Sweden), see Table 2, The fractions containing a- 
amylase were collected and concentrated 4 -fold. 25 (xl of enzyme 
(400 U/1) were added to 100 ^1 of sodium acetate buffer (50 mM, 

10 pH 5.5) containing 1% (w/v) starch. Metal cations, which were 
dissolved in sodium acetate buffer (100 mM, pH 5.5), were added 
in various concentrations. Incubation was conducted in a 
glycerin bath (100**C) for 4 0 min. The reducing sugars were 
finally detected as described by Bergmeyer and Grassi (supra) . 

15 The values represent the enzyme activity measured in percent. 

Table 2 

Metal ion concentration (mM) 
0 1 2 5 
20 — 



EDTA 


100 


95 


85 


60 




100 


120 


120 


85 




100 


120 


100 


80 




100 


6 


2 


1 


25 CU^* 


100 


6 


2 


0 




100 


80 


55 


15 




100 


95 


85 


110 




100 


105 


100 


120 




100 


70 


65 


50 


30 Zn^* 


100 


15 


0 


0 
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EXAMPLE 2 



g-ainvlase obtained from P. furiosus 



Cultiva-tion of P. furiosus (compare figure 4) 

Growth experiments were performed in batch-culture 
5 under Ng/COg (80%/20%) atmosphere on a complex medium of the 
following composition (per litre) : 



(NH^)2SO^ 1.300 g 

MgSO^ . VHgO 0.250 g 

NaCl 30.000 g 
10 KHgPO^ 1.400 g 

CaClj 0.050 g 

FeSO^ . VHgO 0.038 g 

NagSeOj . SHjO 5 fM 

trace elements** 10 ml 
15 tryptone 1.000 g 

yeast extract 1.000 g 

starch 1.000 g 

resazurin 0.001 g 

cystein . HCl 0.500 g 

20 pH 6.2-6-5 

temperature 90-100 

Gas Ng/COg 80/20 ( continuous gassing ^ 

** trace element solution (per litre) : 

MnClg . 4H2O 0.10 g 

25 C0CI2 . 6H2O 0.20 g 

NiClj . 6H2O 0.10 g 

ZnClg 0.10 g 

CaClg . 2H2O 0.05 g 

CuSO^ . 2H2O 0.05 g 

3 0 Na2Mo04 . 2H2O 0.05 g 
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By using continuous gassing an enzyme activity above 1,000 U/1 
was detected. These growth conditions caused about 80% 
secretion of the enzyme into the culture fluid. 

Protein separation 
5 In order to conduct physiocheinical investigations the 

extracellular amylase was partially purified by gelf iltration. 
All experiments were performed in the absence of metal ions 
and under aerobic conditions. 

pH and temperature optimum (compare figure 5) 

10 As shown in the figure, the amylase from Pyrococcus 

furiosus is active in a broad temperature range from 4 0 to 
130 °C and in a pH range from 3.5 to 8.0. Maximal activity is 
measured at 100-105 ''C and pH 4.5. Around 60% of the enzyme 
activity is still detectable at 130 *C. Conditions for 

15 incubation of Pyrococcus furiosus a-amylase, for the 
determination of pH and temperature optimum, were as for 
Pyrococcus woesei a-amylase. 

Thermal stability (compare figure 6) 

Beside the extremely high temperature optimum, the 
20 amylase shows remarkable theirmal stability. As depicted in the 
figure, incubation in a boiling water bath for 6 hours causes 
a decrease of enzymatic activity of only 20%. Even at 130" C 
enzymatic activity is still detectable after 30 minutes. 

Influence of metal ions and EDTA 

25 The addition of 5 mM of molybdenum, calcium or 

magnesium ions did not influence amylase activity. A slight 
decrease of activity could be detected in the presence of 
cobalt, nickel and iron ions and complete inhibition was found 
when 5 mM of zinc or copper ions were added. Since EDTA did not 

3 0 have any influence, it, therefore, can be assumed that the 
addition of metal ions is not required for enzymatic activity. 
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Substrate specificity 

The partially purified extracellular amylase from 
Pyrococcus furiosus hydrolysed native starch, soluble starch, 
amylopectin, maltodextrin and amylose. Main products of starch 
5 degradation were oligosaccharides such as maltohexaose, 
maltopentaose, maltotetraose, maltotriose and maltose (Table 
3) • Since the amylase from Pyrococcus furiosus degrades the a- 
1, 4-glycosidic linkages in starch and amylase at random it can 
be designated as an a-amylase. 

10 Table 3 : Sugars released (%) by the enzymic action of amylase 
from Pyrococcus furiosus during incubation with starch. 





Starch 


DP n 


DP 7 


DP 6 


DP 5 


DP 4 


DP 3 


DP 2 


DP 1 




0 


h 


100 


0 


0 


0 


0 


0 


0 


0 


15 


0.5 


h 


93 


1 


1 


1 


1 


1 


2 


0 




1.5 


h 


41 


4 


6 


10 


11 


11 


12 


5 




3.0 


h 


35 


8 


9 


11 


10 


10 


12 


5 




8.0 


h 


1 


4 


6 


15 


19 


21 


27 


8 




24.0 


h 


0 


2 


2 


6 


16 


25 


33 


16 


20 


48.0 


h 


0 


0 


3 


6 


12 


20 


30 


29 



Methods ; Per ml of sodium acetate buffer (50 mM, pH 5.5) 0.5 
U of enzyme was added. The final starch concentration was 1% 
(w/v) • Incubation was conducted at 90 'C and samples were 

25 withdrawn after various time intervals. Each sample was then 
purified with ion-exchange resin (Serdolyt MB, Serva, 
Heidelberg, FRG) and the sugars then analyzed by HPLC, using an 
Aminex HPX-42 A column (Bio-Rad, Richmond, California, USA) . 
Sugars eluted were monitored by a differential ref ractometer 

3 0 (Knauer, Bad Homburg, FRG) . DP, Degree of polymerization; DP 1, 
glucose. 
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EXAMPLE 3 

Licaief action process 

A 3 0% w/w corn starch slurry was prepared in deionized 
water and the pH adjusted to 4.5. It was then transferred to a 
5 stainless steel tube, equipped with a tight-fitting lid, and 
17 NU/g starch of P> woesei a-amylase were added. 

The tube was heated at 105 for 60 minutes, during 
which the starch was completely liquefied. After liquefaction 
the DE was measured and found to be 16. 
10 The contents of the tube were cooled to 60 ""C, and 0.24 

AG/g starch of A. niaer glucoamylase was added without further 
pH adjustment. After 72 hours the sample had the following 
carbohydrate composition, as measured by HPLC analysis:. 

% DP^ 95.5 
15 DP2 3 . 0 

DP3 0 . 9 

DP^ 0 . 5 

where DP means degree of polymerization (DP, == monosacchari- 
des, DPg = disaccharides etc.). 

20 Assay of g-amvlase activity 

The activity standard NU (which is an abbreviation of 
NOVO a-amylase unit) is the amount of enzyme which hydrolyses 
5.26 mg of dissolved starch per hour at 37 *C, pH 5.6 and 0.0043 
M of Ca"*^ over a 7-2 0 minute reaction time. A folder AF9 

25 describing the analytical method is available on request to 
NOVO NORDISK A/S, DENMARK. 

The activity of the Pyrococcus a-amylase is determined 
at 60 'C and related to a Termamyl standard, assayed under the 
same conditions. 
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EXAMPLE 4 

Characterisation of unstabilized a-amvlase 

pH and -temper atiure optimum (compare figure 7) 

Determination of temperature optimum was performed with 
5 the enzyme obtained in example 1, which was partially purified 
by gelf iltration on a Superose 12 column, but not stabilized 
with maltodextrin. Incubation was performed in a water bath 
(40*C-100'C) and in a glycerin bath (105''C-130'C) , at pH 5.5, 
Incubation at temperatures above 100 'C was conducted in closed 

10 Hungate-tubes in order to prevent boiling of the solution • To 
250 Ml of a sodium acetate buffer (50 mM, pH 5,5) containing 
0.5% (w/v) starch 20 ^1 of enzyme solution (1600 U/1) was added 
and incubation was performed for 10 minutes. The reducing 
sugars formed were then measured as described by Bergmeyer and 

15 Grassi (supra) . For the determination of the pH optimum of the 
enzyme the following buffers were used: 50 mM sodium citrate 
(for pH 3.5-4.0), 50 mM sodium acetate (for pH 4.5-6.0) and 50 
mM potassium phosphate (for pH 6.5-7.5) . The determination was 
conducted at 90^*0, 

20 As shown in the figure, the a-amylase of the invention 

can also be characterised by having pH optimum in the range 5.2 
to 5.8, determined at 90 "C, and temperature optimum in the 
range 90 to 105 *C, determined at pH 5.5, when measured in 
absence of stabilizing amount of substrate. Maximal activity is 

25 detected at pH 5.5 and 100 "C. 

After 60 minutes a residual activity at 100 of 100%, 
at 110 and 120 of 70%, and at 130 'C of 10% is measured. 
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CLAIMS 

1. a-amylase, characterized by 

(a) pH optiiauin within the range 4.0-6.0, determined at 
90 'C in the presence of stabilizing amounts of substrate, 

5 (b) temperature optimum within the range 80-120 'C, 

determined at pH 5.5 in the presence of stabilizing amounts of 
substrate, 

(c) being essentially independent of Ca-ions, 

(d) a residual activity after 1 hour at 90 "C of 100%, 
10 and after 1 hour at 100^*0 of at least 80%, determined in the 

presence of stabilizing amounts of substrate, 

(e) being obtainable by cultivation of a strain of 
Pyrococcus . 

2. a-amylase, characterized by 

15 (a) pH optimum within the range 5.2-5.8, determined at 

90 in the absence of substrate, 

(b) temperature optimum within the range 9 0-105 'C, 
determined at pH 5.5 in the absence of substrate, 

(c) being essentially independent of Ca-ions, 

20 (d) a residual activity after 1 hour at 110 **C of 

approximately 7 0%, determined in the presence o f stab i 1 i z ing 
amounts of substrate, 

(e) being obtainable by cultivation of a strain of 
Pyrococcus . 

25 3. a-amylase according to either of claims 1-2, 

characterized in, that it is obtainable by cultivation of a 
strain of P. woesei or P. furiosus . 

4. a-amylase according to claim 3, characterised in, 
that it is obtainable by cultivation of a strain of P. woesei ^ 
30 DSM No. 3773, or P. furiosus . DSM No. 3638. 



5. A process for the preparation of an a-amylase 
according to claims 1-5, which process comprises cultivation of 
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an a-ainylase producing strain of Pvrococcus in a suitable 
nutrient medium, containing carbon and nitrogen sources and 
inorganic salts, followed by recovering of the desired enzyme. 

6. A process according to claim 5, in which P. woesei 
5 or P* furiosus is cultivated. 

7. A process according to claim 6, in which P. woesei , 
DSM No. 3773, or P. furiosus , DSM No. 3638, is cultivated. 

8. A starch liquefaction process which comprises 
subjecting an aqueous starch slurry to enzymatic liquefaction 

10 in presence of an a-amylase according to any of claims 1-5. 

9. A starch liquefaction process according to claim 8 
carried out essentially without addition of a calcium salt to 
the starch slurry. 

10. A starch liquefaction process according to claims 
15 8-9, in which the process is conducted by jet-cooking at a 

temperature in the range of 100 to 140 for up to 12 0 minutes, 
optionally followed by reduction of the temperature to be held 
in the range of 90 to 100 for about 3 0 to 120 minutes, after 
which the thus liquefied starch is stable against 
2 0 retrogradation, the pH being held at about 4.0 to 5.5 
throughout the process. 

11. A starch liquefaction process according to any of 
claims 8-10, whereby the liquefied starch is thereafter 
subjected to enzymatic saccharif ication in the presence of a 

25 glucoamylase, substantially without an intermediate pH 
adjustment. 

12 . A starch liquefaction process according to claim 
11 further comprising ethanol fermentation with yeast simulta- 
n ously with or subsequent to said saccharif ication. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 5 



wo 90/11352 



6/7 



PCr/DK90/00074 




Fig. 6 




Fig. 7 



